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Received 29 January 2007; received in revised form 24 May 2007; accepted 19 June 2007AbstractTwo strains of Raphidiopsis Fritsch et Rich were isolated from a fishpond in Wuhan city, China and rendered axenic, and
characterized by a combination of morphological, physiological, biochemical and genetic methods. Morphologically the strains
were identified as Raphidiopsis mediterranea Skuja (straight trichomes) and R. curvata Fritsch et Rich (coiled trichomes). These
two strains demonstrated slight differences in optimal temperature range and GC content, while sharing some common
characteristics including inability to grow hetertrophically, similar salinity tolerance (up to 0.78%) and an identical fatty acid
composition. Cyanotoxins were not found in the strain of R. mediterranea, however, the strain of R. curvata contained both deoxy-
cylindrospermopsin and cylindrospermopsin. Phylogenetic affiliations inferred from 16S rRNA gene sequences demonstrated that
both Raphidiopsis strains clustered with Cylindrospermopsis, demonstrating their phylogenetic ties to Nostocaceae.
# 2007 Elsevier B.V. All rights reserved.
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The persistent global reoccurrence of toxin-produ-
cing cyanobacteria as well as an increasing frequency of
toxin associated events (e.g., bird kills, companion
animal illness, etc.) imply that more and more
cyanobacteria may be shown to be potential toxin
producers. For example, Cylindrospermopsis racibors-
kii, the most recently discovered toxin-producing
cyanobacterium, was reported to be a major producer
of the hepatotoxin cylindrospermopsin (Hawkins et al.,
1985). Since then, cylindrospermopsin has been* Corresponding author. Tel.: +86 27 68780067;
fax: +86 27 68780123.
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doi:10.1016/j.hal.2007.06.003identified in the filamentous cyanobacteria Umezakia
natans Watanabe (Harada et al., 1994), Aphanizomenon
ovalisporum Forti (Banker et al., 1997; Shaw et al.,
1999) and Anabaena bergii (Schembri et al., 2001). In a
previous study, we reported that Raphidiopsis curvata
strain HB1, isolated from central China, produced
Cylindrospermopsin as well as its derivative deoxycy-
lindrospermopsin (Li et al., 2001). The planktonic
cyanobacterial genus Raphidiopsis was established in
1929 with the type species Raphidiopsis curvata Fritsch
et Rich, and characterized by the lack of a mucilaginous
sheath, solitary free-floating trichomes, with both or one
ends attenuated and sharply pointed, the absence of
heterocysts throughout the life cycle and the presence of
akinetes (Fritsch and Rich, 1929). Four other species in
this genus, Raphidiopsis mediterranea Skuja, Raphi-
diopsis indica Singh, Raphidiopsis sinensis Jao and
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samples collected from Europe, Asia, and America
(Hill, 1972; Jao, 1951; Singh, 1942; Skuja, 1937).
Raphidiopsis species occur less frequently in nature
than other planktonic cyanobacteria such as Micro-
cystis, Anabaena and Planktothrix, so they are referred
to as rare planktonic cyanobacteria (Hinda´k, 1987;
Kersner, 1997).
Morphologically, Raphidiopsis species resemble
some species of planktonic Nostocaceae family, such
as Cylindrospermosis raciborskii (Woloszinska) See-
nayya & Subba Raju, Anabaena aphanizomenoides
Forti and Aphanizomenon issatschenkoi (Ussachew)
Proschkina-Larvernko. Gugger et al. (2005) reported
that two Brazilian strains of Raphidiopsis to be
phylogenetically grouped into the same cluster with
Cylindrospermopsis species based on ITS1-L
sequences. Although they compared short fragment
sequences of 16S rDNA of Raphidiopsis strains with
those of some Cylindrospermopsis strains, phylogenetic
analyses based on 16S rDNA was not performed for
those Raphidiopsis–Cylindrospermopsis strains (Gug-
ger et al., 2005). Moreover, there is hardly information
about researches on other features of Raphidiopsis
species.
It has been proposed that characterization and
taxonomy of cyanobacteria have to be conducted by
a combined approach including molecular, morpholo-
gical, physiological and biochemical data (Castenholz
and Waterbury, 1989; Oren, 2004). This multidisci-
plinary framework is now commonly applied by many
researchers (Suda et al., 2002; Koma´rek and Kasˇtovsky´,
2003; Rajaniemi et al., 2005).
In the present study, we compare phenotypic
(morphological, physiological, biochemical) and geno-
typic (DNA base composition, 16S rRNA gene
sequences) characteristics of two Raphidiopsis strains.
We also evaluated their phylogenetic relationship
within cyanobacteria based on 16S rRNA gene
sequences.
2. Materials and methods
2.1. Strains
A water sample was collected from a bloom in an
experimental fishpond in the Institute of Hydrobiology,
the Chinese Academy of Sciences, Wuhan, P.R. China
in September 1995. The cyanobacterial composition in
the bloom and method of isolation for cyanobacterial
strains were the same as described by Li et al. (2001).
Unialgal isolates were purified to an axenic state usingthe pipette washing method and aseptic techniques, and
the purity of the strains was verified by microscopic
examination and cultivation in bacteria-free check
media YT, B-I and B-V (Watanabe and Hiroki, 1997).
Two strains, coded as HB1 and HB2, were obtained, and
they were maintained and cultivated in large scales for
further analyses in the same methods as described by Li
et al. (2001).
2.2. Morphological examination
The morphological observations were carried out for
fresh cells using an Olympus Vanox photomicroscope.
Cell dimensions were measured on 50 individual
filaments of each strain.
2.3. Experiments for physiological characteristics
The basal medium employed was CT medium
(Watanabe and Hiroki, 1997). The culture vessels were
screw-capped tubes (18 mm  150 mm) containing
10 ml of the medium. For all experimental cultures
exponentially growing cells were inoculated and grown
under a 12:12 L/D cycle with a photon flux density of
40 mmol m2 s1 provided by daylight fluorescent
lamps at nine temperatures (5 8C, 10 8C, 15 8C,
20 8C, 25 8C, 30 8C, 35 8C and 40 8C) maintained at
0.5 8C. Eight different salinities (3.58%, 1.83%,
1.28%, 0.78%, 0.43%, 0.26%, 0.17% and 0.17%) were
obtained by preparing CT medium in various ratios of
sea-water or distilled water. Photoheterotrophic media
were prepared by adding various organic compounds
(1%, w/v) and DCMU (105 M) to CT medium. All
cultures for salinity and photoheterotrophic media were
grown under 12:12 L/D cycle with a photon flux density
of 40 mmol m2 s1 at 20 8C. Chemoheterotrophic
media were prepared by adding the same organic
compounds (1%, w/v) to CT medium, and chemoheter-
otrophic cultures were incubated in a dark box at 20 8C.
2.4. Fatty acid and toxin analysis
Cellular fatty acids from 10 mg of lyophilized cells
(harvested at late exponential phase of cultivation under
40 mmol m2 s1 at 20 8C) were transmethylated, and
then extracted with hexane. The extracts were then
filtered with quartz and concentrated to 50 mL by
nitrogen gas or by vacuum evaporation. A 1-mL portion
of concentrated sample was injected into a Shimadzu
GC-17A gas chromatography equipped with a hydrogen
flame ionization detector and a capillary column. The
methyl esters were identified by co-chromatography of
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spectroscopy. Cylindrospermopsin and deoxycylindros-
permopsin production from both isolates was deter-
mined using the procedures described in Li et al. (2001).
2.5. GC content and 16S rRNA gene sequences
Tenmilligrams of lyophilized or fresh cells, harvested
by filtration of 10 mL of late exponential phase culture
and washed three times with distilled water, were used to
extract genomic DNA according to the description of Li
et al. (2000). Determination of GC content was done by
HPLC method following the treatment of nuclease and
alkaline phosphatase (Li and Watanabe, 2002). PCR
amplification of the 16S rRNA gene was done using the
primers F1 (50-TTGAT CCTGGC TCAGGATGA-30,
referring to 13–32ofE. coli 16S rDNAposition numbers)
and R4N (50-CCTACCTTAGGCATCCCC-30, referring
to 1475–1458 of E. coli 16S rDNA position numbers).
The primer R4N is designed specifically for hetero-
cystous cyanobacteria. The protocol and temperature
program were the same as described by Li et al. (2000).
The amplified PCRproductwas then ligated into a TOPO
TA vector (Invitrogen, CA). The resulting plasmid was
used to transform chemically competent E. coli cells
(One Shot TOP 10) and cultivated overnight at 37 8C.
Plasmid DNAwas isolated by using a miniprep isolation
kit (Promega, Madison, WI), to provide a template for
sequencing.Theprimers used for the sequencing reaction
were theM-13 Forward andM-13Reverse as listed in the
protocol, and 16SF3 (50-GTGTAGCGGTGAAATGCG-
TAG-30) and 16SR2 (50-CATCAGGATGCCATTT
GGCT A-30) as internal primers. Sequencing was
completed using an ABI Prism BigDye terminator cycle
Sequencing Ready Reaction Kit (Applied Biosystems,
CA) supplied with Ampli Taq DNA polymerase.
Products from the sequencing reaction were analyzed
on an Applied Biosystem 310 DNA sequencer.
2.6. Alignment and phylogenetic analyses
Partial 16S rRNA gene sequences from the two
Raphidiopsis strains were aligned with other cyano-
bacterial 16S rRNA gene sequences available from
GenBank using the multiple sequence alignment tools
in CLUSTAL X version 1.7 (Thompson et al., 1997).
The adjusted alignment after manual correction was
used for phylogenetic analyses by PAUP* 4.0b10
(Swofford, 2002). Phylogenetic trees were generated by
Neighbor-joining (NJ), Maximum parsimony (MP) and
Maximum-likelihood (ML) methods. Neighbor-joining
(NJ) distance analysis was done with the Logdet model,and Maximum parsimony (MP) analysis was performed
using the heuristic search option, characters unordered,
equally weighted, and gaps treated as missing data
using the tree bisection reconnection (TBR) option.
Maximum-likelihood (ML) trees were inferred using
the HKY85model of nucleotide substitution (Hasegawa
et al., 1985). Bootstraps were determined for 1000
replicates for all analyses with the unicellular cyano-
bacterial strain Synechocystis sp. PCC 6803 as the
outgroup. GenBank numbers of strains HB1 and HB2
are AY763116 and AY763117, respectively.
3. Results
3.1. Morphological characteristics and
identification of the strains
The morphology of strain HB1, described by Li et al.
(2001), was identified as Raphidiopsis curvata Fritsch
et Rich. The morphology of strain HB2 is as follows:
trichomes solitary, free floating, straight, tapered at one
or two ends, no mucilaginous envelope. Vegetative cells
with gas vesicles, cylindrical, 1.9–2.7 mm in diameter
and 9.8–10.8 mm in length. No heterocyst formation
was observed. Akinetes with significant granules
(Fig. 1), were formed next to the apical cells, and
were long ellipsoidal to cylindrical, 2.2–3.1 mm in
diameter and 8.3–12.1 mm in length. Based on these
characteristics, strain HB2 was identified as R.
mediterranea Skuja. Morphological comparisons of
these two strains with those described in the literature
are given in Table 1.
3.2. Physiological properties of the strains
Physiological characteristics of the two Raphidiopsis
strains are listed in Table 2. Both strains showed no
photoheterotrophic or chemoheterotrophic growth, and
both strains could not grow above 0.78% of salinity.
Strain HB1 (R. curvata) had a temperature range of
10–35 8C, while strain HB2 (R. mediaterrian) had
temperature growth range of 10–40 8C.
3.3. Fatty acid composition
Both strains contained palmitic acid (16:0), palmi-
toleic acid (16:1(trans-)) and a-linolenic acid (18:3(a))
as main components of their fatty acid composition,
additionally myristic acid (14:0), hexadecadienoic acid
(16:2), stearic acid (18:0), oleic acid (18:1) and linoleic
acid (18:2) were present. No hexadecatrienoic acid
(16:3) or g-linolenic acid (18:3 (g)) was present.
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Fig. 1. Light photomicrographs of Raphidiopsis mediterranea HB2.
Arrows point to akinetes. Scale bars, 10 mm. (A) Strain HB2 showing
straight trichomes, with tapered ends. (B) Strain HB2 showing an
akinete with cyanophycin granules at both ends within the cell.
Table 2
Growth temperature range, salinity tolerance and heterotrophic
growth of two Raphidiopsis strains
Strains Temperature
(8C)
Salinity
(%)
Heterotrophic growtha
(1%, w/v)
CT Glu- Suc- Glyce- Glyco
HB1 10–35 0.78 – – – – –
HB2 10–40 0.78 – – – – –
Note: CT, CT medium; Glu-, glucose; Suc-, sucrose; Glyce-, glycerol;
Glyco-, glycolate; –, no growth.
a Heterotrophic growth including both photoheterotrophic and che-
moheterotrophic.
Table 3
Fatty acid composition in two strains of Raphidiopsis after 4-week
cultivation
Strains Composition of fatty acids (%)
14:0 16:0 16:1 16:2 18:0 18:1 18:2 18:3(a)
HB1 1.8 34.8 18.1 1.0 0.9 1.5 2.7 39.5
HB2 2.0 34.7 17.4 0.6 0.6 1.0 2.0 41.2Therefore, their fatty acid composition belonged to type
2B according to the Kenyon–Murata system (Kenyon,
1972; Kenyon et al., 1972; Murata et al., 1992) and that
of Li et al. (1998). Fatty acid components in both strains
showed no significant difference (Table 3).
3.4. Cyanotoxins
Strain HB1 was previously shown to produce mainly
deoxycylindrospermopsin, and smaller amounts ofTable 1
A comparison of Raphidiopsis species
Taxa Vegetative cells (mm)
Diameter Length
R. curvata HB1 3.0–4.1 6.8–10.1
R. curvata (Fritsch and Rich, 1929) 1.5–4.5 4.5–11.0
R. sinensis (Jao, 1951) 1.3–1.8 7.0–11.0
R. mediterranea HB2 1.9–2.7 9.8–10.8
R. mediterranea (Skuja, 1937) 1–1.5–2.5 2–4 diamete
R. mediterranea (Rao, 1957) 1.9–3.0 2–5 diamete
R. indica (Singh, 1942) 1.8–2.6 6–8 diamete
R. brookii (Hill, 1972) 2.5–4.5 (4)–5–10–(13)cylindrospermopsin (Li et al., 2001). However, strain
HB2 did not contain these two compounds or other
cyanotoxins.
3.5. GC content, 16S rRNA gene sequences and
phylogeny
The DNA base composition obtained from these two
strains of Raphidiopsis showed different values,
47.5  0.46% and 50.6  0.63%, respectively. Ampli-
cons of the 16S rRNA gene using the F1 and R4N
primers for both strains were about 1410 bp, and they
shared 99.4% sequence homology. ANCBI Blast search
of these 16S rRNA sequences showed high homologies
to C. raciborskii strains from all over the world: 98.9–
99.2% and 98.9–99.4% for HB1 and HB2, respectively.Akinetes (mm) Trichome shape
Diameter Length
4.3–6.0 9.1–12.5 Spiral, curve
4.7–7.2 11.0–13.0 Spiral, circle
2.7–3.6 6.3–9.0 Spiral
2.2–3.1 8.3–12.1 Straight
r 2.5–3.0 6.5–13.0 Straight
r 2.8–3.4 6.7–9.3–(13.5) Straight
r 3.3–4.0 7.8–9.2 Straight
(3)–3.5–4–(5) (9)–11–16–(20) Straight
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Fig. 2. Phylogenetic relationships of Raphidiopsis strains with other filamentous cyanobacteria based on partial 16S rRNA gene sequences. Tree
topology was inferred from neighbor-joining analysis of evolutionary distances determined with Logdet model. Numbers at nodes are bootstrap
support percentage of 1000 replicates using neighbor-joining distance (upper) and maximum parsimony (lower). Where bootstrap support was less
than 50%, no number is shown. Synechocystis sp. PCC6803 was the outgroup, and its 16S rRNA gene sequence was obtain from the Cyanobase
website (http://www.kazusa.or.jp/cyano). Scale bar represents 2 base substitution per 100 nucleotide position.Phylogenetic analyses based on 16S rDNA sequences
by NJ, MP and ML all resulted in dendograms with the
similar pattern (Fig. 2). HB1 and HB2 were placed in
the Nostocaceae with other heterocystous filamentous
cyanobacteria, and formed a tight cluster with strains of
C. raciborskii, supported by high bootstrap scores
(Fig. 2).4. Discussion
Two strains of Raphidiopsis were successfully
isolated and purified, and characterized as coiled and
straight forms, and morphologically identified as R.
curvata Fritsch et Rich and R. mediterranea Skuja.
However, morphological difference of these two
R. Li et al. / Harmful Algae 7 (2008) 146–153 151Raphidiopsis strains was not sufficiently supported by
physiological properties such as heterotrophic growth
and salinity tolerance, and even growth temperature
range as slightly different.
DNA base composition has proven useful for both
the classification and the identification of prokaryotes
(Tamaoka, 1994). In general, the DNA base composi-
tion of strains within a species shows a narrow range
(ca. 1–3 mol% GC) (Tamaoka and Komagata, 1984).
The GC content of two Raphidiopsis species in the
present study showed difference at the margin of this
species threshold, which is unable to separates these two
species genetically.
Fatty acid composition is a useful analytical tool in
bacterial characterization (Welch, 1991), and can even
be used as a chemotaxonomic marker to classify
bacteria at the family, genus and species levels
(Vandamme et al., 1996). Despite having different
morphotypes, Raphidiopsis strains HB1 and HB2
showed the same type of fatty acid composition, and
no significant difference in individual fatty acid was
identified (Table 3).
Systematically, the genus Raphidiopsis has been
treated as belonging to Nostocaceae, Oscillatoriaceae or
Rivulaiaceae based on the emphasis of different aspects
of morphological characters (Geitler, 1932; Fre´my,
1938; Desikachary, 1959; Jao, 1951). Within the fatty
acid composition of these three cyanobacterial families,
Rivulariaceae presented a Type 4 fatty acid composition
(Kenyon et al., 1972). Cyanobacteria in the family
Oscillatoriaceae, (i.e. Planktothrix spp. and Arthros-
prira spp.), had Type 2A, 2B and 4 (Cohen and
Vonshak, 1991; Suda et al., 2002), and those of the
Nostocaeae also contained Type 2A, 2B and 4 (Li et al.,
1998; Va`rkonyi et al., 2000). From the chemotaxonomic
view, based only on fatty acid composition, the genus
Raphidiopsis belongs to either Nostocaceae or Oscilla-
toriaceae, but is excluded from the Rivulariaceae. The
partial 16S rRNA gene sequences of Raphidiopsis
strains HB1 and HB2 showed high homologies to those
of C. raciborskii strains, and demonstrated that the
genus Raphidiopsis species formed a tight cluster with
C. raciborskii. This is the same conclusion as
demonstrated by Gugger et al. (2005) using sequence
data from ITS1-L. Taken together the results clearly
indicate that Raphidiopsis species should classified
within the family of Nostocaceae.
Due to morphological similarities between Raphi-
diopsis species and C. raciborskii, validity of the
existence of the genus Raphidiopsis has been questioned
(Koma`rkova et al., 1999). Raphidiopsis-like trichomes
were considered as environmental morphotypes of C.raciborskii and the heterocyst-omission phase of C.
raciborskii, because Raphidiopsis species have been
observed inmixed populationswithC. raciborskii from a
number of waters (McGregor and Fabbro, 2000).
However, Raphidiopsis strains HB1 and HB2 in the
laboratory have never formed heterocysts during nearly
10 years of observation. Furthermore, the strains HB1
and HB2 cannot grow without a combined nitrogen
compound,which is a crucial difference from heterocyst-
forming cyanobacteria such as C. raciborskii and
Aphanizomenon spp. Gugger et al. (2005) have also
shown that Raphidiopsis strains lack nifD gene. While,
there is a high homology of 16S rRNA gene sequences
between Raphidiopsis species and C. raciborskii, we
expect a better clarification of their genetic divergence
may be obtained by an examination of other candidate
phylogenetic sequences, such as cpcAB, rbcLX, andhetR.
Our previous study reported that deoxycylindros-
permopsin and cylindrospermopsin were detected in
Raphidiopsis curvata strain HB1. Recently, a strain
from Lake Biwa in Japan, identified as R. mediterranea
var. grandis, was also reported to produce neurotoxic
anatoxin-a and homoanatoxin-a (Watanabe et al., 2003;
Namikoshi et al., 2003). These new findings imply that
Raphidiopsis is a toxigenic group, and should be
included in the list of cyanobacteria being monitored for
management purposes in drinking water supplies.
5. Conclusion
Two strains of Raphidiopsis Fritsch et Rich isolated
from China were morphologically identified as R.
mediterranea Skuja (straight trichomes) and R. curvata
Fritsch et Rich (coiled trichomes), and they were
characterized by physiological, biochemical and
genetic features.
Phylogenetic relationship based on 16S rRNA gene
sequences demonstrated that both Raphidiopsis strains
clustered with Cylindrospermopsis, indicating their
phylogenetic belonging in the family of Nostocaceae.
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